Objective-To determine, using an animal model of blood loss, (1) if stroke distance, derived non-invasively from the time integral of the maximum velocity of red cells in the aorta, changed to a greater extent than heart rate and mean arterial pressure (MAP), which are recognised to be unreliable indicators ofblood loss; (2) if changes in stroke distance reflected changes in stroke volume derived from thermodilution cardiac output measurements. Methods-Eight anaesthetised swine had baseline measurements of heart rate, MAP, stroke volume, and stroke distance and were then exsanguinated at a rate of 1 mllkg/min. Percentage changes from baseline of heart rate, MAP, stroke volume, and stroke distance were compared after 10, 20, and 30 ml/kg blood loss. The animal' s blood was then reinfused at the rate of 2 ml/kg/min for 15 min, followed by normal saline 1 mllkg/min. Percentage changes from baseline measurement of stroke volume and stroke distance over the whole experiment were evaluated by regression analysis. Results-Heart rate, MAP, and stroke distance changed +7.9%, -22.5%, and -18.1% respectively (from baseline values) after 10 mllkg blood loss; +23.2%, -44.0%, and -47.4% after 20 ml/kg blood loss; and +55.7%, -62.0%, and -69.8% after 30 ml/kg blood loss. Regression analysis of percentage changes in stroke volume and stroke distance from their baseline values at experimental time zero is stroke volume = 1.014 x stroke distance -2.156, r = 0.92, n = 54, P < 0.0001.
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Conclusions-(1) At maximal blood loss, stroke distance changes to a greater extent than heart rate and MAP. (2) Changes in stroke distance reflected changes in stroke volume but with less variability at lower values. Stroke distance may be a more useful measure of blood loss than heart rate and MAP. (7Accid Emerg Med 1996;13:316-320) Key terms: stroke distance; stroke volume; hypovolaemia Failure to treat blood loss causes death, and the failure to recognise blood loss is a factor contributing to this.' 2 The inexperience of those first treating such patients may be part of the problem, but the limitations of the traditional signs of blood loss -hypotension and an increase in heart rate-may also be important. Thus previously healthy individuals may lose up to 30% of their blood volume before there is any significant hypotension.5 Several investigators6 7 have noted that there is no obvious relation between pulse rate and blood volume. Urine output is relatively easy to measure but requires timed collection, which inevitably lags behind events and is not reduced in a uniform manner during blood loss.8 Cardiac output is usually measured using a thermodilution catheter but is invasive, potentially dangerous especially in shocked patients, provides only intermittent readings, and is inappropriate during the initial resuscitation of the patient.
Stroke volume quantitatively defines the beat to beat volumetric performance of the heart and is determined by preload, contractility, and afterload. During haemorrhage preload diminishes, with consequent reduction in stroke volume despite increased myocardial activity. Additionally, compensatory augmentation of afterload results in further stroke volume reduction.9 Thus stroke volume would appear a more fundamental measure of blood loss, not subject to compensatory changes to the same extent as cardiac output, blood pressure, and urine output. Several animal studies confirm that of the commonly measured variables stroke volume changes to the greatest extent during haemorrhage. ' " Ultrasound offers the possibility of noninvasive indirect measurement of stroke volume by the measurement of aortic blood velocity which, when intregrated over the ejection time, gives stroke distance (see below).
The ultrasound measurement of stroke volume relies on the Doppler effect and certain assumptions regarding flow within the aorta. By the use of the Doppler equation the velocity of the red cells within an ultrasound beam can be measured. If the blood ejected into the aorta (stroke volume) is considered to be a cylinder, then by knowing the mean velocity of the red cells and the ejection time, a distance (stroke distance) can be measured which, if multiplied by the cross sectional area of the aorta, produces a volume (equivalent to the stroke volume). However, the following assumptions must be made: (1) that the velocity profile of the blood is uniform across the aorta and that all red cells travel at the same speed, that is, that the mean velocity is simply equal to the maximum velocity near the centre of the aorta;
(2) that the ultrasound beam is at a known or zero angle to the aortic flow; (3) that the cross sectional area can be accurately calculated, and remains unchanged during blood loss. Several workers have used t velocity profile method to measur tor changes in cardiac output, witi lation being reported with invasive put estimates.'2 13 However, each introduces considerable error. ' Stroke distance (%) Figure 3 Percentage changes in stroke volume and stroke distance over the whole experimentfrom their baseline values at time zero. In conscious swine subjected to haemorrhage there is a more sustained maintenance of mean arterial blood pressure2' and reduction in cardiac output to a lesser extent. 22 The early fall in blood pressure and large drop in cardiac output presumably reflects the negative inotropic effect of halothane and its depressant effect on a normal response to haemorrhage. Halothane has been noted to depress the baroreceptor reflex in humans2" and to depress the responsiveness of vascular smooth muscle.24 Stroke volume, however, was the variable which changed to the greatest extent. Overall there was a good correlation between changes in stroke volume and stroke distance, but this was not the case after the first 10 ml/kg blood loss. The poorer correlation between the two variables at higher stroke volume and distance is evident (fig 3) . This may be due to a breakdown in any of the original three assumptions. However, the cross sectional area did not change significantly in the four animals in which it was measured, but this small number limits the power of the t test. Other investigators25 26 have confirmed a reduction in cross sectional area with reduction in blood pressure in the descending aorta; however, because the aortic diameter was measured at the level of the sinuses of Valsalva immediately adjacent to the valve, it may not be subjected to such changes because of the rigidity of the valve. The stroke distance changes less after 10 ml/kg blood loss than stroke volume, and this may be because the ratio of the maximum to the mean velocity has decreased, that is, reductions in mean velocity are not accurately reflected by changes in the time averaged maximum velocity. The closer relation of stroke volume to stroke distance after volume losses of 20 and 30 ml/kg presumably reflects the fact that the change in maximum velocity is greater than any further changes in the relation of the maximum to the mean velocity. Interestingly the two animals that died did so during the reinfusion phase and not at the time of maximum blood loss. This suggests that there was limited capacity of the heart to handle the infused volume of fluid and in this case the limit may have been set not only by the anaesthetic agents but also by the blood loss.
In conclusion, this model shows that stroke volume was the variable that had the greatest percentage change from baseline during haemorrhage and there was a close correlation with changes in stroke volume and stroke distance measured by ultrasound. However, stroke distance underestimated the early changes in stroke volume, presumably because of a breakdown in the relation of the maximum velocity to the mean velocity. This may be important in those machines that measure maximum frequency, from which the mean is directly computed. Stoke distance measurement, however, offers a real opportunity to improve on the conventionally measured variables of heart rate and blood pressure during the initial assessment and treatment of hypovolaemic shock. 
